Introduction {#emi14907-sec-0001}
============

Filamentous fungi grow as branching and fusing networks of mycelial hyphae, enabling them to colonize new regions of their biotope. Growth occurs by hyphal tip extension and branching (Schmieder *et al*., [2019](#emi14907-bib-0048){ref-type="ref"}) and involves mass flow of cytoplasm from the colony centre to the hyphal tip (Lew, [2011](#emi14907-bib-0036){ref-type="ref"}; Fricker *et al*., [2017](#emi14907-bib-0020){ref-type="ref"}). The pored septa, which partition the hyphae can be plugged with Woronin bodies (Jedd and Chua, [2000](#emi14907-bib-0025){ref-type="ref"}; Steinberg *et al*., [2017](#emi14907-bib-0051){ref-type="ref"}), bringing the potential to control molecule movement within the colony. Fusion of fungal hyphae provides interconnections within and between colonies of the same species (Glass *et al*., [2004](#emi14907-bib-0021){ref-type="ref"}), but the latter only occurs in young colonies, indicating that aging process reduces their compatibility with other colonies of the same species (Bleichrodt *et al*., [2015](#emi14907-bib-0009){ref-type="ref"}).

The connected hyphae in a colony enable cytoplasmic streaming and continuity, facilitating exchange of nutrients between different parts of the colony (Simonin *et al*., [2012](#emi14907-bib-0049){ref-type="ref"}). It has been hypothesized that this is due to the heterogeneity of nutrients in natural biotopes and attack by other organisms, which requires flexibility of the colony as a whole (Heaton *et al*., [2012](#emi14907-bib-0024){ref-type="ref"}; Guhr *et al*., [2015](#emi14907-bib-0023){ref-type="ref"}). No data are available about the average size of fungal colonies in nature, but they are likely to be at least several centimetres or decimetres in diameter, and possibly much larger, as the largest fungal colony discovered was as large as 965 ha (Ferguson *et al*., [2003](#emi14907-bib-0017){ref-type="ref"}). This leaves no doubt that the availability and composition of substrates set‐upon by different parts of the fungal colony are often very different. However, the extent to which a colony adapts to its microenvironment remains unknown.

Transport of nutrients has been shown to take place over relatively long distances, when fungi were grown in environments with high and very low levels of nutrients (Bebber *et al*., [2007](#emi14907-bib-0005){ref-type="ref"}). In mycorrhizal fungi, there is transfer of carbon through the mycelia connecting two plants with the magnitude of the transfer increased by the carbon requirement of the receiving plant (Finlay and Read [1986](#emi14907-bib-0018){ref-type="ref"}; Francis and Read [1984](#emi14907-bib-0019){ref-type="ref"}). These results indicate that the parts of the colony exposed to low nutrient amounts are aided by parts of the colony exposed to higher nutrient levels. However, unknown so far is whether transport of nutrients and therefore a more uniform colony physiology also occurs when different parts of the same fungal colony are in the presence of distinct nutrient‐rich carbon sources.

Indications for diverse physiology within colonies have been reported, such as differences in mycelial density for a range of fungi on heterogeneous media (Olsson, [1995](#emi14907-bib-0041){ref-type="ref"}). Colonies of *Aspergillus niger* grown on agar plates containing either maltose or [d‐]{.smallcaps}xylose as a carbon source showed diversity in gene expression when the periphery of the colony was compared with the centre (Levin *et al*., [2007](#emi14907-bib-0035){ref-type="ref"}), most likely due to carbon limitation in the centre of the colony. Growth and secretion of proteins occurred mainly in the periphery (Levin *et al*., [2007](#emi14907-bib-0035){ref-type="ref"}), suggesting a less active mycelium in the centre of the colony. However, in a similar study with a more complex carbon source, sugar beet pulp (SBP), growth and protein secretion were observed throughout the colony, while maintaining diversity in gene expression between the centre and periphery of the colony (Benoit *et al*., [2015a](#emi14907-bib-0007){ref-type="ref"}). As the composition of SBP was likely different underneath the centre, where the least recalcitrant nutrients have already been consumed, and the periphery, where the intact substrate is being digested, we hypothesize that fungal colonies adapt to the local substrate composition.

In nature, *A. niger* grows on a wide range of plant biomass and uses a diverse set of extracellular enzymes to degrade plant polysaccharides (de Vries and Visser, [2001](#emi14907-bib-0013){ref-type="ref"}; Pel *et al*., [2007](#emi14907-bib-0043){ref-type="ref"}). Most of these enzymes are classified into amino acid sequence‐based families in the Carbohydrate Active enZyme (CAZy) database (<http://www.cazy.org>) (Lombard *et al*., [2014](#emi14907-bib-0037){ref-type="ref"}), and their production is mediated by a set of transcriptional activators, responding to specific components of plant biomass (Kowalczyk *et al*., [2014](#emi14907-bib-0031){ref-type="ref"}). These regulators often also control the metabolic pathways converting the released monomeric sugars (Khosravi *et al*., [2014](#emi14907-bib-0027){ref-type="ref"}). It can therefore be hypothesized that the different polysaccharide composition in natural biotopes will result in diverse physiology of *A. niger*, even within the colony.

In this study, we aimed to reveal the extent to which an *A. niger* colony is differentiated, when regions of the colony are exposed to different carbon sources. We compared [d]{.smallcaps}‐glucose to SBP and wheat bran (WB) using a novel culturing method called the Pie‐plate (Fig. [1](#emi14907-fig-0001){ref-type="fig"}), allowing comparison between pie‐slice sections of a connected colony that are exposed to different nutrient‐rich carbon sources. While the compartments are physically separated, the hyphae grow over these separators, connecting the mycelium in the neighbouring compartment. Both complex substrates contain significant amounts of cellulose, but they differ in the other polysaccharides. WB contains hardly any pectin and its main hemicellulose is (arabino‐)xylan. In contrast, SBP is rich in pectin, while the [d‐]{.smallcaps}xylosyl residues detected in SBP (Table [1](#emi14907-tbl-0001){ref-type="table"}) originate mainly from the complex pectic molecules and the hemicellulose xyloglucan. Therefore, these two complex plant biomass substrates require different enzyme sets for their degradation (van den Brink and de Vries, [2011](#emi14907-bib-0052){ref-type="ref"}) and different catabolic pathways to convert the released monosaccharides (Khosravi *et al*., [2014](#emi14907-bib-0027){ref-type="ref"}).

![The Pie‐plate cultivation setup. A. Pie‐plate where three adjacent compartments were filled with the same substrate. B. Image of an *A. niger* colony grown between two perforated polycarbonate membranes. Dotted lines indicate the part of the mycelia that was sampled above each compartment. While all nine compartments were sampled, detailed analysis was conducted from the central compartment on each of the substrates. G1‐G3 = [d]{.smallcaps}‐glucose. S1‐S3 = sugar beet pulp (SBP), W1‐W3 = wheat bran (WB). See Supporting Information Fig. [S1](#emi14907-supitem-0001){ref-type="supplementary-material"} for microscopy images of colony.](EMI-22-1154-g001){#emi14907-fig-0001}

###### 

Sugar beet pulp and WB composition before and after *A. niger* cultivation. The carbohydrates (presented as anhydro) were measured from acid hydrolysates of the substrates in the central compartment of the Pie‐plate taken before and after culturing with *A. niger* (*n* = 3).

                      Sugar beet pulp   Wheat bran                
  ------------------- ----------------- ------------ ------------ ------------
  Glucose             51 ± 1.7          73.6 ± 1.2   37.5 ± 0.9   31.4 ± 0.2
  Arabinose           26.2 ± 0.5        7.3 ± 1.1    19.9 ± 0.3   28.5 ± 0.1
  Xylose              3.5 ± 0.0         5.1 ± 0.4    39.4 ± 0.5   35.4 ± 0.3
  Galactose           8.7 ± 0.1         5.4 ± 0.2    1.2 ± 0.0    1.8 ± 0.1
  Galacturonic acid   5.6 ± 0.7         3 ± 0.4      1 ± 0.1      1.2 ± 0.0
  Mannose             2.2 ± 0.1         3.2 ± 0.0    0.3 ± 0.0    0.8 ± 0.1
  Rhamnose            1.7 ± 0.8         1.2 ± 0.1    ND           ND
  Glucuronic acid     0.7 ± 0.1         0.8 ± 0.02   0.3 ± 0.1    0.4 ± 0.0

ND = not detected.

We addressed differentiation within the colony at the transcriptomic, proteomic and metabolomic level. Our results showed that *A. niger* colonies adapt to the local substrate, producing significantly different extracellular enzyme sets and activating diverse metabolic pathways, corresponding to the composition of these different nutritious environments.

Results {#emi14907-sec-0002}
=======

Global clustering of the molecular responses revealed a differentiating colony across a broad range of physiological processes {#emi14907-sec-0003}
------------------------------------------------------------------------------------------------------------------------------

*Aspergillus niger* was cultured on Pie‐plates containing three spatially separated substrates, [d]{.smallcaps}‐glucose, WB and SBP (Fig. [1](#emi14907-fig-0001){ref-type="fig"} and Supporting Information Fig. [S1](#emi14907-supitem-0001){ref-type="supplementary-material"}). Overall growth appeared highly similar on all three compounds, with the exception of the production of a yellow pigment in the WB compartments. We observed this pigment also in other cultures and conditions (data not shown), but the nature of it is not known. Analysis of the colony was performed at the transcriptomic, proteomic and metabolomic level, to capture the dynamic nature of the colony\'s physiology. Principal component analysis of the transcriptome, exo‐ and intra‐proteome, and exo‐ and intra‐metabolome revealed a highly differentiated colony, in which the compartments with the same substrate clustered together (Supporting Information Fig. [S2](#emi14907-supitem-0002){ref-type="supplementary-material"}). The compartments surrounded by the same substrate in general separated more clearly from each other than the intermediate compartments. Therefore, we focused on these compartments (G2, S2 and W2) for subsequent detailed analysis of the colony.

The differences in abundance of transcripts and proteins between G2, S2 and W2 demonstrated broad physiological differences across the colony. When the total set of genes was considered, a relatively small percentage of them (between 3% and 10%) was significantly upregulated or downregulated (Fig. [2](#emi14907-fig-0002){ref-type="fig"}A and Supporting Information Dataset [S1](#emi14907-supitem-0006){ref-type="supplementary-material"}B--D). In contrast, a higher percentage of CAZy genes related to plant biomass degradation was upregulated on the plant biomass substrates compared with [d]{.smallcaps}‐glucose (21%--25%, Fig. [2](#emi14907-fig-0002){ref-type="fig"}A, Supporting Information [Dataset S1](#emi14907-supitem-0006){ref-type="supplementary-material"}F--H). A similar pattern was observed for the intracellular proteomics data set, with only 1.8%--5.2% significantly upregulated or downregulated proteins, when all detected proteins were considered. In contrast, 7%--15% of the sugar catabolic enzymes were more abundant on the plant biomass substrates compared with [d]{.smallcaps}‐glucose (Fig. [2](#emi14907-fig-0002){ref-type="fig"}A and Supporting Information [Dataset S2](#emi14907-supitem-0007){ref-type="supplementary-material"}).

![Transcriptome and proteomie analysis of differentiation within the *A. niger* colony. A. Percentage of averaged differentially upregulated and downregulated genes and proteins in the total data set and specific subsets. B. Selection of enriched GO terms in the differentially expressed transcripts from comparisons of the central compartments. The size of the coloured bar indicates the proportion of the total transcripts annotated with an enriched GO term that were present in the upregulated or downregulated transcripts. These terms demonstrate the broad range of biological functions contributing to the differentiation of the colony. See Supporting Information [Dataset S3](#emi14907-supitem-0008){ref-type="supplementary-material"} for complete list of enriched GO terms. C. Summary of transcript and exo‐protein abundances of CAZymes according to the substrate they degrade. D. Transcript and intracellular protein abundances of carbon catabolic pathways which catabolize sugars that differ in abundance between the substrates. Error bars represent standard errors.](EMI-22-1154-g002){#emi14907-fig-0002}

Analysis of gene ontology (GO) term enrichment confirmed this high level of differentiation (Fig. [2](#emi14907-fig-0002){ref-type="fig"}B and Supporting Information [Dataset S3](#emi14907-supitem-0008){ref-type="supplementary-material"}). Enriched GO terms with respect to upregulated genes on the crude substrates compared with [d]{.smallcaps}‐glucose included oxidoreductase activity, transmembrane transport, lipid catabolic process, carbohydrate metabolic process and transport, and hydrolase activity towards *O*‐glycosyl compounds, while GO terms for catechol metabolic process were only enriched on W2 compared with G2 (Fig. [2](#emi14907-fig-0002){ref-type="fig"}B). In contrast, GO term aspartic acid‐type endopeptidase activity was enriched in G2 compared with S2, as was GO term tricarboxylic acid cycle (Fig. [2](#emi14907-fig-0002){ref-type="fig"}B). Similarly, the GO terms cellular amino acid biosynthetic process and glycolysis were enriched in transcripts that were higher in G2 compared with W2. Interestingly, GO term cellular amino acid biosynthetic process was also enriched in S2 compared with W2. This could be due to differences in protein availability in the substrates with no protein supplied in the [d]{.smallcaps}‐glucose compartments, while the protein content of WB (15%) (Balandrán‐Quintana *et al*., [2015](#emi14907-bib-0003){ref-type="ref"}) is approximately twice that of SBP (8%) (Kühnel *et al*., [2011](#emi14907-bib-0033){ref-type="ref"}). This would also explain the enrichment of the GO term aspartic acid‐type endopeptidase activity on WB compared with SBP, as higher proteolysis on WB would reduce the need for amino acid synthesis. Differentiation was not restricted to GO terms directly related to carbohydrates but was observed across a wide range of physiological functions (Supporting Information [Dataset S3](#emi14907-supitem-0008){ref-type="supplementary-material"}).

As we only varied the carbon source in the compartments, in our detailed analysis in the next sections, we focused on gene groups that are related to extracellular degradation of these carbon sources to monomeric sugars, sugar uptake and sugar metabolism.

Differentiation in the colony matches the substrate‐specific required functions {#emi14907-sec-0004}
-------------------------------------------------------------------------------

Plant polysaccharide degrading CAZymes are highly specific for their substrate and linkage, and therefore fungi produce different sets of CAZymes depending on the substrate composition. Our results show that different parts of a single colony, only a few centimetres apart and exposed to different plant biomass substrates, are able to locally produce a well‐suited enzyme set. There were overall more polysaccharide degrading CAZyme encoding genes expressed in the S2 (124), compared to W2 (108) and [d]{.smallcaps}‐glucose (97). This correlated well with the substrate composition, which was obvious when the genes were divided into polysaccharide‐related CAZy‐groups, and the reads per kilobase million (RPKM) values and extracellular protein abundance were then summed up per group (Fig. [2](#emi14907-fig-0002){ref-type="fig"}C). The transcriptome and exo‐proteome of the colony exposed to WB are dominated by xylanolytic genes. In contrast, pectinolytic genes represented a larger proportion of total expression values on SBP, which was confirmed by measuring selected enzyme activities (Supporting Information Fig. [S3](#emi14907-supitem-0003){ref-type="supplementary-material"}). This reflects the high abundance of xylan and pectin in WB and SBP, respectively (Table [1](#emi14907-tbl-0001){ref-type="table"}). The degradation of both substrates over the course of the cultivation also matches the production of these enzyme sets as indicated by the changes in the proportions of sugars in the acid hydrolysates of the solids after culturing (Table [1](#emi14907-tbl-0001){ref-type="table"}).

Hierarchical clustering of the expression levels and protein abundance of CAZymes acting on plant biomass confirmed this overall pattern and demonstrated a set of mainly pectinolytic and amylolytic genes/enzymes that were specifically upregulated in S2 (Fig. [3](#emi14907-fig-0003){ref-type="fig"}, Clusters 1--4, 7, 14). As the higher levels of the pectinolytic genes/enzymes can be explained by the high level of pectin in SBP, the higher level of amylolytic genes suggests the presence of significant amounts of starch/maltose or sucrose in SBP. These result in activation of the amylolytic transcriptional activator AmyR, which, however, can also be activated by low levels of [d]{.smallcaps}‐glucose (vanKuyk *et al*., [2012](#emi14907-bib-0055){ref-type="ref"}). Similarly, higher expression level and protein abundance was observed for xylanolytic and cellulolytic genes/proteins on WB (Fig. [3](#emi14907-fig-0003){ref-type="fig"}, Clusters 8--11). High diversity was also observed for the sugar metabolic pathways, although for these the diversity was higher at the proteomic than at the transcriptomic level (Supporting Information Fig. [S4](#emi14907-supitem-0004){ref-type="supplementary-material"} and [Dataset S1](#emi14907-supitem-0006){ref-type="supplementary-material"} and [S2](#emi14907-supitem-0007){ref-type="supplementary-material"}).

![Hierarchical clustering, using Euclidian distance, of transcript levels of plant biomass degrading CAZymes from mycelia growing on the central compartment on glucose (G), sugar beet pulp (S) or wheat bran (W). The vertical grey dotted line shows the cut‐off used to delineate the clusters, which are numbered 1--21. The CAZymes are colour‐coded according to nine substrate groups that they putatively act on. The protein abundance from exo‐proteome is shown adjacent to the transcript. See Supporting Information [Dataset S1](#emi14907-supitem-0006){ref-type="supplementary-material"} for explanation of the abbreviations used for activities.](EMI-22-1154-g003){#emi14907-fig-0003}

The part of the colony grown on SBP showed a clear specialization towards pectin conversion {#emi14907-sec-0005}
-------------------------------------------------------------------------------------------

The genes or proteins differentially expressed or produced in the part of the colony grown on SBP included half of the 64 *A. niger* pectin‐specific CAZy genes or CAZymes (Martens‐Uzunova and Schaap, [2009](#emi14907-bib-0040){ref-type="ref"}). The total pectinolytic gene expression in the colony positively correlated with the amount of pectin in the locally available substrate, being highest on SBP followed by WB and [d]{.smallcaps}‐glucose (Fig. [2](#emi14907-fig-0002){ref-type="fig"}C). In addition, 29 out of 46 and 23 out of 31 of the significantly higher expressed plant biomass degradation related CAZy genes on S2 versus G2 and W2, respectively, encode pectinolytic activities (Supporting Information [Dataset S1](#emi14907-supitem-0006){ref-type="supplementary-material"}F,H). Similarly, 12 out of 18 and 7 out of 9 of the plant biomass degradation related CAZymes with a higher abundance in S2 compared with G2 and W2, respectively, are pectinolytic enzymes (Supporting Information [Dataset S5](#emi14907-supitem-0010){ref-type="supplementary-material"}F,H).

After release from pectin by *A. niger*, [d]{.smallcaps}‐galacturonic acid and [l]{.smallcaps}‐rhamnose are catabolized via the [d]{.smallcaps}‐galacturonic acid pathway, involving four genes (*gaaA*, *gaaB*, *gaaC* and *larA*), and the [l]{.smallcaps}‐rhamnose pathway, involving three genes (*lraA*, *lraB* and *lraC*) respectively (Khosravi *et al*., [2014](#emi14907-bib-0027){ref-type="ref"}). The highest total expression of the [d]{.smallcaps}‐galacturonic acid pathway genes was in the SBP part of the colony (Fig. [2](#emi14907-fig-0002){ref-type="fig"}D top panel), and the four significantly higher expressed sugar catabolism related genes in S2 compared to G2 were all related to [d]{.smallcaps}‐galacturonic acid or [l]{.smallcaps}‐rhamnose metabolism (Dataset 1J). All four [d]{.smallcaps}‐galacturonic acid‐related catabolic enzymes were significantly more abundant in S2 compared with G2 or W2 (Fig. [2](#emi14907-fig-0002){ref-type="fig"}D bottom panel, Dataset 2F and H). Most of the sugar catabolic enzymes detected in higher abundance in S2 compared with G2 were related to [d]{.smallcaps}‐galacturonic acid or [l]{.smallcaps}‐arabinose catabolism (Dataset 2F).

The part of the colony exposed to WB displayed the highest xylanase expression and production {#emi14907-sec-0006}
---------------------------------------------------------------------------------------------

Hemicellulolytic and cellulolytic transcripts and enzymes are activated by the transcriptional activator XlnR in response to the presence of [d]{.smallcaps}‐xylose in *A. niger* (Gruben *et al*., [2017](#emi14907-bib-0022){ref-type="ref"}), which is an abundant building block of the WB xylan (Table [1](#emi14907-tbl-0001){ref-type="table"}). The total expression of these transcripts in W2 was approximately fivefold higher than in S2 or G2 (Fig. [2](#emi14907-fig-0002){ref-type="fig"}C). In addition, 24 out of 38 and 22 out of 28 of the significantly higher expressed plant biomass degradation related CAZy genes on W2 versus G2 and S2, respectively, encode (hemi‐)cellulolytic activities (Dataset 1G,H). Exo‐proteomics also identified (hemi‐)cellulolytic enzymes at higher levels in W2 compared with S2 and G2 (Dataset 5G,H). These included an endoxylanase (NRRL3_01648/XlnB), a β‐xylosidase (NRRL3_02451/XlnD), an endoglucanase (NRRL3_06791/EglB) and a cellobiohydrolase (NRRL3_02584/CbhB).

Pentose catabolism is more prominent in parts of the colony growing on pentoses {#emi14907-sec-0007}
-------------------------------------------------------------------------------

The pentose catabolic pathway (PCP) converts [d]{.smallcaps}‐xylose and [l]{.smallcaps}‐arabinose via five enzymatic conversions, all of which were detected in the intracellular proteomics from the *A. niger* colony (Supporting Information [Dataset S2](#emi14907-supitem-0007){ref-type="supplementary-material"}). [l]{.smallcaps}‐arabinose was preferentially consumed in SBP parts of the colony as its level decreased more than that of the other sugars present in SBP ([d]{.smallcaps}‐galacturonic acid, [l]{.smallcaps}‐rhamnose, and [d]{.smallcaps}‐galactose) during cultivation (Table [1](#emi14907-tbl-0001){ref-type="table"}). Compared to G2, the abundance of three PCP enzymes related to [l]{.smallcaps}‐arabinose conversion (LarA, LarB, LxrA) was significantly higher in S2, and two PCP enzymes (XyrA, XkiA) were higher in W2, while XdhA had higher abundance on both S2 and W2 (Fig. [2](#emi14907-fig-0002){ref-type="fig"}D and Dataset 2F,G). However, there was no clear localized expression of the PCP genes (Fig. [2](#emi14907-fig-0002){ref-type="fig"}D top panel and Supporting Information Dataset [S1](#emi14907-supitem-0006){ref-type="supplementary-material"} and [S2](#emi14907-supitem-0007){ref-type="supplementary-material"}). The localization at the protein but not transcript level for the PCP highlights the temporally dynamic nature of the physiology in the *A. niger* colony.

The end‐products of the PCP and the [d]{.smallcaps}‐galacturonic acid pathway will enter the central glycolysis pathway, which also converts [d]{.smallcaps}‐glucose originating from cellulose. Corresponding with the general need for this pathway, most of the glycolytic transcripts and proteins were expressed and produced at similar levels throughout the colony (Supporting Information Fig. [S3](#emi14907-supitem-0003){ref-type="supplementary-material"} and [Dataset S1](#emi14907-supitem-0006){ref-type="supplementary-material"} and [S2](#emi14907-supitem-0007){ref-type="supplementary-material"}). The GO term for glycolysis (GO:0006096) was only enriched in the transcripts that were higher in the part of the colony on [d]{.smallcaps}‐glucose compared to WB (Supporting Information [Dataset S3](#emi14907-supitem-0008){ref-type="supplementary-material"}) likely reflecting the far higher concentrations of [d]{.smallcaps}‐glucose initially present in this compartment.

Discussion {#emi14907-sec-0008}
----------

In this study, we aimed to determine the extent to which different parts of a fungal colony adapt to locally available carbon sources and as such evaluate the physiological differentiation within fungal colonies. The ability for a colony to differentiate would make sense in a natural setting, where fungal colonies can extend over significant distances while being exposed to a highly heterogeneous substrate profile. Maintaining a uniform physiology under such conditions would require extensive intracolony transport of nutrients, generating a significant energetic burden for the colony, especially if this is dependent on active transport. A previous study in the mushroom forming basidiomycete fungus *Agaricus bisporus* provided evidence for highly specific transport of sugars from the vegetative mycelium to the fruiting body (Patyshakuliyeva *et al*., [2013](#emi14907-bib-0042){ref-type="ref"}), arguing against passive diffusion as the mechanism for intracolony sugar transport.

Most studies addressing nutrient transport in colonies focused on the difference between nutrient rich and nutrient poor (starvation) areas (Olsson, [1995](#emi14907-bib-0041){ref-type="ref"}; Bebber *et al*., [2007](#emi14907-bib-0005){ref-type="ref"}; van Peer *et al*., [2009](#emi14907-bib-0054){ref-type="ref"}). This does not consider what would happen if different parts of a colony are growing in nutrient‐rich areas, but with a different substrate composition, which is also a common situation in nature. We tested this situation by exposing different parts of *A. niger* colonies to WB, SBP and [d]{.smallcaps}‐glucose, respectively, and showed that there was a high level of adaptation to these locally available substrates. Instead of a constant level throughout the colony, we observed locally differentiated levels of gene expression and enzyme production that matched the requirements for the degradation and catabolism of the prevalent polysaccharides. This was particularly apparent for the higher levels of pectinolytic genes and enzymes on SBP, which is rich in pectin, and for the higher levels of xylanolytic genes and enzymes on WB, which is rich in xylan (Table [1](#emi14907-tbl-0001){ref-type="table"}). In addition, the genes and proteins of the intracellular sugar catabolic pathways matched the monomeric sugars present in the prominent locally present polysaccharides. This was especially obvious for the [d]{.smallcaps}‐galacturonic acid and [l]{.smallcaps}‐rhamnose pathway on SBP, which is the only substrate tested here that contained [l]{.smallcaps}‐rhamnose. However, also the PCP enzyme levels showed an adaptation to the substrates with the [l]{.smallcaps}‐arabinose‐related PCP enzymes being especially induced on SBP, in which [l]{.smallcaps}‐arabinose is abundantly present as short‐side chains (29). On WB, which is higher in [d]{.smallcaps}‐xylose, the three PCP enzymes needed for [d]{.smallcaps}‐xylose conversion were significantly induced. This correlates well with the amount of free extracellular arabinose and xylose that was present in the SBP and WB compartments (Supporting Information Fig. [S5](#emi14907-supitem-0005){ref-type="supplementary-material"}). We did observe a gradual increase in some enzyme activities towards the neighbouring substrate (Supporting Information Fig. [S3](#emi14907-supitem-0003){ref-type="supplementary-material"}), which could indicate a moderate transfer of signal molecules through the mycelium. However, this can also be explained by leakage of media components into the neighbouring compartment when the polycarbonate membranes are applied to the pie plate. This possible leakage was the main reason to focus predominantly on the middle compartments in this study.

The observed differentiation indicated that under our conditions, there were limits to cytoplasmic flow within the colony, thus preventing a more uniform physiology. In a previous study where *A. niger* was grown on a simple sugar, cytoplasmic streaming in older parts of the colony was limited due to their multicellular nature (Bleichrodt *et al*., [2015](#emi14907-bib-0009){ref-type="ref"}), which is likely also the case in our study considering the culturing time. In our setup, we do not just compare the young mycelium at the periphery at the colony, but whole sections of the colony from the periphery to the centre. Some studies have suggested that only the periphery is the growing part of the colony (Wösten *et al*., [1991](#emi14907-bib-0057){ref-type="ref"}; Levin *et al*., [2007](#emi14907-bib-0035){ref-type="ref"}), but these studies were based on conditions in which soluble sugars were used that were often already depleted in the centre of the colony. However, we have shown more recently that during growth on complex carbon sources, *A. niger* has actively growing mycelium throughout the colony (Benoit *et al*., [2015a](#emi14907-bib-0007){ref-type="ref"}), generating an active and complex multicellularity in the colony. This multicellular nature and the observed diversity within the colony could be facilitated by Woronin bodies plugging the septal pores. Therefore, future studies in which mutant strains such as Δ*hexA* (Jedd and Chua, [2000](#emi14907-bib-0025){ref-type="ref"}; Bleichrodt *et al*., [2015](#emi14907-bib-0009){ref-type="ref"}), which lacks Woronin bodies, are included would provide further insight into the importance of these structures for colony differentiation.

Our results demonstrate that the presence of a nutritious substrate in each part of the colony prevents extensive flow of nutrients through the colony, as also evidenced by the diversity in intracellular metabolic profiles, unlike what was observed when exposing some parts of the colony to nutrient starvation (Bebber *et al*., [2007](#emi14907-bib-0005){ref-type="ref"}). These two situations therefore represent different colony physiologies and highlight the highly flexible nature of fungal colonies that enables them to select the most appropriate solution to the prevalent environmental conditions. This however does not mean that no movement of nutrients occurred in our experimental setup. The part of the colony growing on [d]{.smallcaps}‐glucose also showed higher transcript levels of plant biomass degrading CAZymes than expected from a culture where only [d]{.smallcaps}‐glucose was present even if that [d]{.smallcaps}‐glucose had been mostly consumed (Daly *et al*., [2017](#emi14907-bib-0011){ref-type="ref"}) and extracellular CAZymes were identified in the compartments where [d]{.smallcaps}‐glucose was the substrate. However, we cannot rule out contribution of a low level of sugars that appear to diffuse into an adjacent compartment (Supporting Information Fig. [S5](#emi14907-supitem-0005){ref-type="supplementary-material"}).

The lower diversity in localized transcriptomic compared to proteomic response, especially for the (hemi‐)cellulose degrading proteins secreted into the WB compared with [d]{.smallcaps}‐glucose compartment (Fig. [2](#emi14907-fig-0002){ref-type="fig"}C) and for the intracellular pathways (Fig. [2](#emi14907-fig-0002){ref-type="fig"}D), could be due to post‐transcriptional or post‐translational regulation (Sachs, [1998](#emi14907-bib-0046){ref-type="ref"}) of these transcripts and enzymes. Another contributing factor could be the initial CreA‐mediated (Ruijter *et al*., [1997](#emi14907-bib-0045){ref-type="ref"}) repression in the [d]{.smallcaps}‐glucose compartments delaying the protein production. As the levels would be significantly lower at the moment of sampling (\~1 mM), the transcript levels may have already adapted to the non‐repressing condition, while this was not yet the case for the protein levels.

A major driver for the localized response of the fungal colony is the local availability of inducing compounds (typically monomeric sugars) that activate transcriptional regulators, which in turn drive the expression of their specific target gene sets (Benocci *et al*., [2017](#emi14907-bib-0006){ref-type="ref"}). [d]{.smallcaps}‐xylose is the major inducer of (hemi‐)cellulases in *A. niger* (Gruben *et al*., [2017](#emi14907-bib-0022){ref-type="ref"}), which explains why the cellulolytic transcripts and proteins were higher in the WB part of the colony as it contains more [d]{.smallcaps}‐xylosyl residues (WB) even though both WB and SBP contain substantial amounts of cellulose. In contrast, while [l]{.smallcaps}‐arabinose is mainly an inducer of pectinolytic genes (de Vries *et al*., [2002](#emi14907-bib-0014){ref-type="ref"}; Gruben *et al*., [2017](#emi14907-bib-0022){ref-type="ref"}) it is a major component of both WB (in arabinoxylan) and SBP (in pectin) (Table [1](#emi14907-tbl-0001){ref-type="table"}). This contributed to the induction of pectinolytic genes and enzymes on WB despite them not being needed to degrade WB. Nevertheless, this cross‐talk by inducers did not prevent a predominantly locally adapted response of enzymes that are required for the degradation of the available polysaccharides.

The highly differentiated localized response in the relatively small colonies of our study highlights the ability of *A. niger* to adapt and tune gene expression to fit its local carbon sources. This ability implies an evolutionary process that may have selected for tailored responses to substrate composition within parts of a single colony growing on plant biomass of spatially heterogeneous composition, as this may provide a competitive advantage over other microorganisms. Whether such a high level of diversity is only shared with other generalist fungi or is a common process also found in fungi with a more specialized biotope or substrate profile remains to be studied. It is clear however, that the transport of nutrients within fungal colonies is highly dependent on the nutritional state of the local environment. As previously reported, when comparing local environments under nutritious and starvation conditions, transport of nutrients can be observed through significant parts of the colony (Olsson, [1995](#emi14907-bib-0041){ref-type="ref"}; Bebber *et al*., [2007](#emi14907-bib-0005){ref-type="ref"}). However, our study demonstrates that when separate parts of the colony are exposed to different, but equally nutritious conditions, nutrient transport appears to be highly limited and the parts of the colony display a highly differentiated physiology, closely matching the locally present nutrients.

Experimental procedures {#emi14907-sec-0009}
=======================

Culturing conditions and sampling {#emi14907-sec-0010}
---------------------------------

*Aspergillus niger* N402 (Bos *et al*., [1988](#emi14907-bib-0010){ref-type="ref"}) was used throughout this study. To inoculate pre‐cultures, conidia were harvested from a complete medium (de Vries *et al*., [2004](#emi14907-bib-0015){ref-type="ref"}) agar plate containing 1% w/v [d]{.smallcaps}‐fructose and 1000 conidia in 2 μl of water were inoculated onto a perforated polycarbonate (PC) membrane on a minimal medium (de Vries *et al*., [2004](#emi14907-bib-0015){ref-type="ref"}) agar plates with 25 mM [d]{.smallcaps}‐fructose. After overnight incubation at 30°C, a second PC membrane was applied on top of the pre‐culture and the incubation at 30°C continued with a total incubation time of 3 days when the colony grew to a diameter of \~1.5--2 cm. The pre‐culture sandwich was transferred to a Pie‐plate (Fig. [1](#emi14907-fig-0001){ref-type="fig"}), which had three consecutive compartments filled with MM supplemented with either 1% w/v [d]{.smallcaps}‐glucose, SBP or WB. The Pie‐plates were incubated at 30°C for 3.5 days (see Supporting Information Fig. [S1](#emi14907-supitem-0001){ref-type="supplementary-material"} for images of colony at time of sampling). The mycelia growing on each of the compartments was sampled by cutting through the PC membrane along the boundary of the compartment with a scalpel blade and then the PC membrane was peeled away before transferring the mycelia to a 2 ml tube and flash freezing in liquid nitrogen. Samples were isolated from biological triplicates for RNA, protein and metabolite extractions.

RNA, protein and metabolite extractions {#emi14907-sec-0011}
---------------------------------------

For RNA and intracellular metabolites and protein extraction, the mycelia were ground using a TissueLyser (Qiagen). The RNA was extracted and checked for quality as described previously (Benoit *et al*., [2015a](#emi14907-bib-0007){ref-type="ref"}). Intracellular proteins and metabolites were released from the ground mycelia using 500 μl of extraction buffer (50 mM potassium phosphate buffer pH 7, 5 mM MgCl~2~, 5 mM β‐mercaptoethanol and 0.5 mM EDTA) with inversion of the tube followed by centrifugation (20 000 × *g*, 4°C and 5 min), before mixing 300 μl of the supernatant with 1.5 ml of cold 2:1 (v/v) chloroform: methanol. The rest of the procedure was described previously (Daly *et al*., [2018](#emi14907-bib-0012){ref-type="ref"}).

Carbohydrate composition analysis {#emi14907-sec-0012}
---------------------------------

The solids from the G2, S2 and W2 from replicate plates were pooled and analysed alongside un‐inoculated controls. Carbohydrate content and composition were determined in duplicate by modification of the method of Englyst and Cummings (Englyst and Cummings, [1984](#emi14907-bib-0016){ref-type="ref"}), which was described previously (van Erven *et al*., [2017](#emi14907-bib-0053){ref-type="ref"}). The absolute amounts of uronic acids are underestimated as the heating of the solids at 90°C as well as autoclaving, likely led to the degradation of a proportion of the uronic acids.

RNA library preparation, sequencing and data processing {#emi14907-sec-0013}
-------------------------------------------------------

For RNA‐Seq, the SMARTer^R^ Ultra™ Low RNA kit was used to generate a full‐length cDNA template library, followed by use of the Ion Plus fragment library kit (Thermo Fisher Scientific) to fragment cDNA and barcode adapter ligation for template preparation. The template library was quantified using the Ion Library TaqMan™ Quantitation Kit (Thermo Fisher Scientific). The emulsion clonal bead amplification to generate bead templates for Ion Torrent platform was performed using the Ion PI™ Hi‐Q™ Chef Kit (Thermo Fisher Scientific) with Ion PI™ Chip Kit v3 (Thermo Fisher Scientific) on the Ion Chef System (Thermo Fisher Scientific). Sequencing was performed using the Ion PI™ Hi‐Q™ Sequencing 200 Kit (Thermo Fisher Scientific) on the Ion Proton sequencer with sequencing data processing using the Torrent Suite ™ Software (Ver. 4.0.2) on the Torrent server.

Data quality was assessed with htseq‐qa (Kim *et al*., [2008](#emi14907-bib-0029){ref-type="ref"}). Reads were aligned to the *A. niger* NRRL3 genome (Aguilar‐Pontes *et al*., [2018](#emi14907-bib-0001){ref-type="ref"}) using TMAP 3.0.1, with the -- g parameter set to 0 and the -- a parameter set to 1. The RNAseq data set was deposited at the GEO (Barrett *et al*., [2013](#emi14907-bib-0004){ref-type="ref"}) database under the accession number GSE118894. BAM file outputs were mapped to genes using htseq‐count (Anders *et al*., [2015](#emi14907-bib-0002){ref-type="ref"}) using default settings. Differential expression and principal component (multi‐dimensional scaling) analyses were conducted using the R package DESeq2 (Love *et al*., [2014](#emi14907-bib-0038){ref-type="ref"}). The analysis was performed on three independent biological replicates.

Genes with an RPKM ≤6 were considered lowly expressed and genes were considered differentially expressed if the DESeq2 log~2~ fold change was \>1 or \< −1, *P* ~adj~ \< 0.05 and the RPKM was \>6 in the relevant condition. Hierarchical clustering on the expressed PBD CAZy using the log2 RPKM values (+1) was performed in the R statistical environment using the gplots package with Euclidian distance and complete linkage. The gene ontology (GO) annotations were retrieved from JGI MycoCosm, <https://genome.jgi.doe.gov/Aspni_NRRL3_1/Aspni_NRRL3_1.home.html>. The GO terms enriched within the significant differential expressed gene list compared with the genome background was detected using a hypergeometric distribution model. GO terms were considered enriched when *P* value \<0.05, the number of *A. niger* proteins annotated with the GO term \>2 and the number of proteins annotated with the GO term in the list of significantly higher or lower expressed or transcripts \>1. The PBD CAZy substrate and enzyme annotations were based on the studies by Benoit *et al*. ([2015b](#emi14907-bib-0008){ref-type="ref"}), Gruben *et al*. ([2017](#emi14907-bib-0022){ref-type="ref"}), and Kowalczyk *et al*. ([2017](#emi14907-bib-0032){ref-type="ref"})).

Proteomics data generation and analysis {#emi14907-sec-0014}
---------------------------------------

The intracellular proteome was analysed using equal amounts of proteins from each sample and normalized for total signal intensity, whereas the extracellular proteins collected from the liquid in the compartments was analysed using equivalent volumes of liquid without any normalization for total signal intensity. Sample preparation was performed as previously described (Daly *et al*., [2018](#emi14907-bib-0012){ref-type="ref"}). The intracellular samples were all diluted to a concentration of 0.1 μg μL^−1^ in water for analysis by LC--MS as described previously (Daly *et al*., [2018](#emi14907-bib-0012){ref-type="ref"}). In order to analyse the extracellular samples using equivalent volumes from each compartment, the highest concentrated sample was identified in the extracellular sample set and it was diluted to 0.1 μg μL^−1^ and the remainder of the set was diluted using the same volumes as this sample.

MS analysis was performed using a Q‐Exactive Plus mass spectrometer (Thermo Scientific) outfitted with a homemade nano‐electrospray ionization interface. Electrospray emitters were homemade using 150 μm o.d. × 20 μm i.d. chemically etched fused silica (Kelly *et al*., [2006](#emi14907-bib-0026){ref-type="ref"}). The ion transfer tube temperature and spray voltage were 250°C and 2.2 kV, respectively. Data were collected for 120 min following a 10 min delay after completion of sample trapping and start of gradient. FT‐MS spectra were acquired from 300 to 1800 m/z at a resolution of 30 k (AGC target 3e6) and while the top 12 FT‐HCD‐MS/MS spectra were acquired in data‐dependent mode with an isolation window of 2.0 m/z and at a resolution of 17.5 k (AGC target 1e5) using a normalized collision energy of 32 and a 30 s exclusion time.

Generated MS/MS spectra were searched using the mass spectral generating function plus (MSGF+) algorithm (Kim *et al*., [2008](#emi14907-bib-0029){ref-type="ref"}; Kim and Pevzner, [2014](#emi14907-bib-0030){ref-type="ref"}) against the *A. niger* translated genome sequence available from Aspni_NRRL3_1 (Aguilar‐Pontes *et al*., [2018](#emi14907-bib-0001){ref-type="ref"}). Identified peptides of at least six amino acids in length having MSGF scores ≤1E^−10^, which corresponds to an estimated false discovery rate (FDR) \< 1% at the peptide level, were used to generate an accurate mass and time (AMT) tag database (Zimmer *et al*., [2006](#emi14907-bib-0059){ref-type="ref"}). Matched peptide features from each LC--MS data set were then filtered on a FDR of less than or equal to 5% using the Statistical Tools for AMT tag confidence metric (Stanley *et al*., [2011](#emi14907-bib-0050){ref-type="ref"}). When a peptide is identified by the AMT tag approach, its relative abundance can be determined by calculating the area under the curve of the peptide ion peak in the MS measurement. For the intracellular proteomic data set, the relative peptide abundance measurements were normalized using mean centring in DAnTE (Polpitiya *et al*., [2008](#emi14907-bib-0044){ref-type="ref"}) whereas the exo‐proteomics data set was not subject to mean centering. Peptide abundance values were then rolled up to proteins using RRollup function in DAnTE, a minimum of three peptides was required for the Grubb\'s outlier test for outlying peptides, with a *P* value cut‐off of 0.05. Furthermore, for a protein to be considered present in a condition, an abundance measurement in at least two of the replicates for that condition was required. For an identified protein to be considered significantly differentially produced, the requirements were a log~2~ fold change of the mean intensity values of \>1 or \< −1 and *P* \< 0.05 from a two‐tailed homoscedastic (assuming equal variances) *t*‐test of the log~2~ transformed intensity values. Note that where an intensity value was not detected for a protein in a sample, a zero value was used (log~2~ of 1). Proteins were categorized as higher (which can include only present in one of the conditions), not significantly different or not present in comparisons of the central compartments (CCs) on each of the substrates. The PCAs were performed on the log intensity values of all proteins from the exo‐ and intracellular proteomics data sets using FactoMineR version 1.39 (Lê *et al*., [2008](#emi14907-bib-0034){ref-type="ref"}) in R version 3.4.3. GO enrichment was performed as for the RNAseq data set described previously. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaino *et al*., [2016](#emi14907-bib-0056){ref-type="ref"}) partner repository with the data set identifier PXD010431 (<https://doi.org/10.6019/PXD010431>).

Metabolomics data generation and analysis {#emi14907-sec-0015}
-----------------------------------------

The aqueous phase, containing the polar metabolites, obtained from the chloroform:methanol extractions was processed for using GC--MS‐based metabolomics data generation and analysis using pipelines described previously (Daly *et al*., [2018](#emi14907-bib-0012){ref-type="ref"}; Khosravi *et al*., [2018](#emi14907-bib-0028){ref-type="ref"}). MetaboAnalyst (Xia *et al*., [2015](#emi14907-bib-0058){ref-type="ref"}) was used for the principal component analysis of the metabolite abundances.

Enzymatic assays {#emi14907-sec-0016}
----------------

Samples were assayed for enzymatic activity towards four *para*‐nitrophenol (*p*NP) linked substrates (*p*‐nitrophenyl α‐[l]{.smallcaps}‐arabinofuranoside, *p*‐nitrophenyl α‐[d]{.smallcaps}‐galactopyranoside, *p*‐nitrophenyl β‐[d]{.smallcaps}‐galactopyranoside and *p*‐nitrophenyl β‐[d]{.smallcaps}‐xylopyranoside) at a final concentration of 0.01% w/v. The 100 μl reactions were incubated between 3 and 4 h at 30°C in 25 mM sodium acetate buffer pH 5.0. The reactions were terminated with 100 μl 0.25 M Na~2~CO~3~ and absorbance read at 405 nm using a Fluostar OPTIMA plate reader (BMG Labtech). The activity was expressed as nmol *p*NP · min^−1^ · mL^−1^ and the data were presented as the averaged value of the biological triplicate samples.

Sugar analysis of compartments after culturing {#emi14907-sec-0017}
----------------------------------------------

Enzymes present in the supernatants collected from the compartments were heat inactivated at 99°C for 5 min before sugar analysis of the liquids to avoid further conversion of the sugars. [l]{.smallcaps}‐arabinose, [d]{.smallcaps}‐glucose, [d]{.smallcaps}‐xylose and [d]{.smallcaps}‐galacturonic acid were measured using a Dionex HPAEC‐PAD (Dionex ICS‐5000+ system; Thermo Scientific) system with the program for measuring the monosaccharides as described previously (Mäkelä *et al*., [2016](#emi14907-bib-0039){ref-type="ref"}).

Data availability {#emi14907-sec-0018}
-----------------

The raw RNAseq data have been deposited at the GEO database under the accession number GSE118894. The mass spectrometry proteomics data have been deposited at the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD010431.

Supporting information
======================

###### 

**Figure S1.** Brightfield microscopy images of an *A. niger* colony at time of sampling (after peeling off upper polycarbonate membrane) on the Pie‐plate separator between adjacent substrates of either (A) wheat bran (W3) and D‐glucose (G1), (B) D‐glucose (G3) and sugar beet pulp (S1) or (C) sugar beet pulp (S3) and wheat bran (W1).

###### 

Click here for additional data file.

###### 

**Figure S2.** Principal component analysis of the (A) transcripts, (B) extracellular proteins, (C) intracellular proteins and (D) extracellular identified metabolites from sections of an *A. niger* colony growing on D‐glucose (G), sugar beet pulp (S) or wheat bran (B). The three compartments of the Pie‐plate containing the same substrate are numbered 1, 2 and 3 in a clockwise direction. The samples from the central compartment (2) on each substrate are highlighted. Dim = dimension.

###### 

Click here for additional data file.

###### 

**Figure S3.** Exo‐enzymatic activities measured towards the *p*‐nitrophenol substrates for β‐xylosidase, β‐galactosidase, α‐galactosidase and α‐arabinofuranosidase from compartments containing either D‐glucose (G), sugar beet pulp (S) or wheat bran (W) on which an *A. niger* colony was growing. Error bars represent standard errors from biological duplicates.

###### 

Click here for additional data file.

###### 

**Figure S4.** Hierarchical clustering, using Euclidian distance, of transcript levels of carbon catabolic enzymes and selected characterized transporters sampled from *A. niger* mycelia growing on the central compartment on glucose (G), sugar beet pulp (S) or wheat bran (W). The vertical grey dotted line shows the cut‐off used to delineate the clusters. The pathways and transporters are colour‐coded except for genes involved in multiple pathways. The protein abundance from the intracellular proteome is shown adjacent to the transcript.

###### 

Click here for additional data file.

###### 

**Figure S5.** Arabinose, glucose, xylose and galacturonic acid concentrations at the time of sampling (after 4 d) in the compartments on which *A. niger* was growing. Error bars represent standard errors from biological duplicates. G = D‐glucose, S = sugar beet pulp and W = wheat bran.

###### 

Click here for additional data file.

###### 

**Dataset S1.** Transcriptome dataset from the mycelial sections of an *A. niger* colony growing on compartments containing D‐glucose (G2), sugar beet pulp (S2) or wheat bran (W2).

###### 

Click here for additional data file.

###### 

**Dataset S2.** Intracellular proteome dataset from the mycelial sections of an *A. niger* colony growing on compartments containing D‐glucose (G2), sugar beet pulp (S2) or wheat bran (W2).

###### 

Click here for additional data file.

###### 

**Dataset S3.** Summary of gene ontology (GO) terms enriched in the significantly different transcripts from at least one of the pair‐wise comparisons of the central compartments containing D‐glucose (G2), sugar beet pulp (S2) or wheat bran (W2).

###### 

Click here for additional data file.

###### 

**Dataset S4.** Analysis of exo‐ and intracellular metabolites. (A) Aqueous exo‐metabolites from the liquid in the compartments containing D‐glucose (G), sugar beet pulp (S) or wheat bran (W) on which an *A. niger* colony was growing as well as controls of sugar beet pulp and wheat bran that were not inoculated with *A. niger*. (B) Aqueous intracellular metabolites from *A. niger* mycelia growing on the compartments containing D‐glucose (G), sugar beet pulp (S) or wheat bran (W).

###### 

Click here for additional data file.

###### 

**Dataset S5.** Exo‐proteome dataset from the liquid in the compartments containing D‐glucose (G2), sugar beet pulp (S2) or wheat bran (W2) on which an *A. niger* colony was growing.

###### 

Click here for additional data file.
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